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About This Series

The Hypersonic Revolution began as a study effort while I was Director of the
Special Staff Office at the Aeronautical Systems Division of Air Force Systems
Command (ASD, now the Aeronautical Systems Center of Air Force Materiel
Command) at Wright-Patterson Air Force Base in 1986. At that time, coinciding with
vigorous interest in developing what were then termed “Transatmospheric Vehicles”
(TAV), I was convinced that the hypersonics field needed a solid grounding in its own
history. = Accordingly, I assembled and edited a two-volume group of studies by
leading experts and authorities who had written on the major programs, and these were
locally published by ASD in 1987. I planned a third volume as well, on the then-
ongoing National Aero-Space Plane effort (NASP, which became the X-30 program),
but recognized that it would have to be completed at a later date. Reaction to the first
two volumes was immediate and strongly positive, as The Hypersonic Revolution
constituted the first compilation of case studies on hypersonic technology ever
assembled. It quickly became a much sought-after reference, and, I am gratified to
say, has remained so to the present day, despite an obvious need to be brought more
up-to-date.

That updating is at least partially addressed by the third volume, only now ready
for publication. Understandably, it had a lengthier history for, after all, the X-30
NASP program itself was just unfolding. During my tenure at ASD, the leadership of
the NASP joint program office (Brig. Gen. Kenneth Staten, who first established the
JPO, and then his successor Dr. Robert Barthelemy) were both keenly interested in the
history of hypersonics and strongly supportive of ensuring that the history of the
NASP was appropriately documented. As a long-time student of high-speed flight in
general and hypersonics in particular, I found their attitude and support most
encouraging. In 1987 I left to teach at the Army War College on a one-year visiting
professorship, and, the following year, joined Headquarters Air Force Systems
Command, effectively ending any opportunity I might have had to continue at that

time with the history of hypersonic flight (though I later briefly returned to the field
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while serving as a senior issues and policy analyst in the Secretary of the Air Force’s
Staff Group during the exciting and productive tenure of Secretary Donald Rice).

But we were all fortunate that, at this time, another player entered the scene: Dr.
Larry Schweikart of the University of Dayton. Schweikart, a distinguished student of
national defense acquisition policy and programs, already knew Dr. Barthelemy, and
exhibited keen interest in pursuing the history of NASP. Very quickly, the NASP
Joint Program Office supported a contract for his research; ultimately, it proved long
and, at times, tortuous; Schweikart was unflagging in his research and tenacity to get at
the story. Thus, the third volume became a reality a decade after he began his work.
Rather than publish the third volume as a “stand alone” work, the completion of this
third volume now offers an opportunity to reissue the first two volumes as well, giving
the aerospace community an opportunity to have a set of case studies in hypersonics

even as once again there is rising interest in the subject.

It is worth noting that, since the time the first two volumes of The Hypersonic

Revolution appeared, much more information has come to light regarding certain

technology areas and activities, particularly (1) air-breathing propulsion development, and

(2) the hypersonic and lifting reentry activities of the former Soviet Union. Accordingly,

Volume II now has been given a short section on propulsion (added to the editor’s

introduction of the NASA HRE scramjet case study), and an appendix on Soviet

hypersonics (added to the Epilogue) Further, I have added an introductory essay,

“Whither Hypersonics?” briefly tracing and summarizing some of the recent history as

well as the current state of hypersonic projects and work, so as to enable readers to place

these volumes within a broader and more relevant context.

Dr. Richard P. Hallion

The Air Force Historian

HQ USAF/HO

500 Duncan Avenue, Box 94
Bolling AFB, DC 20332-1111
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WHITHER HYPERSONICS?
A FOREWORD TO THE 1998 EDITION

by
Dr. Richard P. Hallion

The history of hypersonics teaches that faith in, and unquestioning acceptance
of, a hypersohic future is akin to belief in the Second Coming: one knows and
trusts that it will occur, but one can’t be certain when. That hypersonics is yet again
in a period of renewal echoes a familiar theme in the history of hypersonic research
and development. As programs have waxed and waned, the field has progressed
through various cycles of grecwing interest and rising optimism followed by
cancellation, pessimism, and slow rebuilding of interest. For example, at the time
the first two volumes of The Hypersonic Revolution: Case Studies in the History of
Hypersonic Technology were published, it appeared that the field was, at last, on
the verge of achieving what had been its most long-sought goal: developing
hardware--a genuine transatmospheric vehicle, the X-30, that could take off from
the earth under its own power (using air breathing propulsion) fly through the
atmosphere into space, and then return through the atmosphere to land, and possible
complementary European and Asian vehicles as well.

Unfortunately, such was not to be. Despite strong interest among partisans and
sympathizers, broad-based support remained cool at best. First the foreign ventures
folded, both the simple and the complex: France’s Hermes, Britain’s HOTOL,
Germany’s Sanger II, and Japan’s Hope; the Soviet space shuttle Buran
(“Snowflake™) abruptly melted in the near-cataclysmic collapse of the USSR, and
artifacts (including lifting reentry spacecraft) from a once-proud and seemingly
invincible space program went on sale in the West. Then it was the turn of the X-
30. In 1994, a variety of time-and-cost-consuming technological challenges (in part
stemming from too-ambitious goals, namely achieving single-stage-to-orbit

operation via a radical and unprecedented air-breathing propulsion approach, and,
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overall, attempting to integrate too many new and unproven technologies at one
swoop into an actual flying vehicle), coupled with declining support, finally caught
up with and doomed the complex X-30 to the same fate as its almost-identically
named Aerospaceplane predecessor three decades previously.

But the collapse of the X-30 also illuminated one of the encouraging traditions
and characteristics of the hypersonics field: its remarkable resilience in the face of
adversity. In fact, ironically, at the same time that the X-30 was foundering amid
increasingly rough seas of controversy, other more low-key hypersonic study efforts
were proceeding generally smoothly. So for the present hypersonics soldiers on
and, akin to Robert Bruce’s persistent spider, each program attempted has been a
little bit more advanced than its predecessors, a little closer to fulfillment than those
going before, offering hope to those who carry the torch for reusable hypersonic
vehicles. Today, the American hypersonics field exhibits strong vitality, as a
cursory review of current projects indicates. These range from small university
laboratory hypervelocity tunnel test projects to intriguing government-supported
flight research efforts such as the Pegasus Hypersonic Experiment (PHYSX) and
the Hyper-X.

PHYSX is a surprisingly simple “opportunistic” test program piggybacking on a
commercial satellite launch booster; it consists of an instrumented “glove”
installed on the first-stage wing of an Orbital Sciences Corporation Pegasus rocket,
to examine hypersonic acrodynamic transitions from laminar to turbulent flow at
velocities up to Mach 8 and altitudes to 200,000 feet and then telemeter the data to
a waiting ground station. (The Pegasus, a three-stage launch vehicle with a winged
first stage, is air-launched like a rocket research airplane from either a modified
Lockheed L-1011 jetliner or a Boeing B-52 mothership, and reaches nearly 5,600
mph (approximately Mach 8.4) in 77 seconds before the winged first stage burns
out and the second stage fires).! Hyper-X (discussed more completely in the
editor’s introduction to the NASA HRE scramjet in Volume II) is a Mach 7-10
scramjet boosted to hypersonic speeds by a single-stage Pegasus booster air-

launched from a NASA B-52 mothership, intended to examine and validate
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scramjet design and performance.” Another hypersonic project is NASA’s X-38, a
rediscovery of a 1960’s Air Force lifting body, the SV-5 (X-24A), the subject of
case studies in both Volumes I and II.> The X-38 is potentially the forerunner of a
lifting body crew rescue vehicle to be deployed from the International Space
Station, a sort of “space lifeboat.” Unlike the earlier SV-5, there is no intention of
actually flying and landing the X-38 following a traditional low lift-to-drag ratio
lifting body approach. Rather, the X-38 would undock from the Space Station,
deorbit, and descend through the atmosphere automatically, decelerating to
subsonic velocities, and then deploying a parafoil similar to (but more sophisticated
than) the old Rogallo Parawing approach proposed in the Gemini era.*

Ambitious as these all are, they nevertheless are eclipsed by the boldness of
NASA and the Air Force’s major hypersonic space efforts, the most ambitious of
which is the unpiloted twin-rocket-powered Lockheed Martin X-33 lifting body.
Together, a triad of the X-33, the technical lessons learned from the recent DC-XA
pi'ogram, and the X-34 constitute the core of the national Reusable Launch Vehicle
Technology Program, a NASA-Air Force-industry partnership to develop a new
generation of single-stage-to-orbit vehicles. Flagship of this effort has been the
suborbital X-33 testbed. The X-33 is a half-scale technology demonstrator
prototype scheduled to fly in 1999, which may presage a 21% Century reusable
launch vehicle (RLV) called the VentureStar, itself hopefully lowering the cost of
orbiting a pound of payload by an order of magnitude, from today’s $10,000 to
$1,000 within ten years. Key to the X-33 is a radical Rocketdyne XRS-2200 linear
aerospike engine producing 202,000 Ibs. thrust by burning a mixture of liquid
hydrogen and liquid oxygen, itself a thirty-year-old idea offering lighter, less
complex, and more powerful propulsion together with lower development risk
compared to conventional rocket propulsion systems. On July 2, 1996, NASA
selected Lockheed Martin’s Skunk Works to design, build, and subsequently fly the
X-33 test vehicle from a test site constructed on Haystack Butte, on the Edwards
Air Force Base east of the famed dry lakebed. Much is expected in the future from

the X-33, and time will tell if it is a worthy successor to previous efforts such as the
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X-15 and the Space Shuttle as well as the progenitor of VentureStar.
Complementing it are other study efforts including planned upgrades to the Shuttle
itself, and the Bantam X Project, a latter a study effort by NASA for imaginative
off-the-shelf approaches to reducing reusable launch vehicle costs to about $3,750
per pound placed in orbit.?

Intertwined with the development of the X-33/VentureStar have been two other
unpiloted research programs: the now-abandoned McDonnell-Douglas DC-X/DC-
XA Clipper Graham that once rivaled the Lockheed-Martin lifting body for
selection as the X-33, and the ongoing Orbital Sciences Corporation X-34. These
represent very different technical approaches; the former was a small subsenic (and
somewhat tubby) blunt-conical-shaped 40 ft. high sophisticated guided missile with
a loaded weight of 41,600 Ibs, powered by four 13,500 Ib. Pratt and Whitney RL-
10AS5 rocket engines burning a mix of liquid hydrogen and liquid oxygen, and
relying on four aerodynamic body flaps and four 440 Ib. thrust computer-controlled
reaction control thrusters for stability and flight path management.® The latter is
also small, but a far more conventional-appearing Mach 8 hypersonic testbed,
drawing on both NASA thinking and Orbital’s own lessons-learned from its
Pegasus small satellite low-earth-orbit launch vehicle. The sleek and elegant X-34
features a 58.3 ft. long fuselage and sharply swept double-delta wing spanning 27.7
ft., a small vertical fin and horizontal body flap, advanced composite structures
technology, and a single 60,000 1b. thrust NASA-developed Fastrac rocket engine
burning a mixture of liquid oxygen and kerosene. Air-launched (like Pegasus) from
a modified Lockheed L-1011 jetliner, the X-34 is intended to use low-cost avionics
(including GPS positioning and inertial navigation), simplified checkout and
vehicle monitoring systems, and then land on a conventional runway. Capable of
Mach 8 flight speeds, under present plans the X-34 will complete a total of 27 test
flights from multiple launch and recovery locations at a cost goal of $500,000 per

flight, possibly with a second X-34 flight test vehicle as well.”
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Hyper Reach, Hyper Power: Expectations of Military Hypersonics

For approximately four decades, the hypersonic community had a difficult and
somewhat dichotomous relationship with the military. Military officials concerned
with force-structure requirements and combat operations recognized that
hypersonics might have some merit, but the serious technological challenges (first
involving rocket propulsion and reentry protection and then, over time, more
complex challenges, particularly air-breathing propulsion), and the pressing needs
to develop more conventional fighters, bombers, and missiles to confront a highly
aggressive Soviet state, often encouraged deferring work on hypersonics in favor of
a “replacement strategy” emphasizing developing more traditional kinds of aircraft,
missile, and other weapon systems. This deferment, while somewhat
understandable, not surprisingly spawned even further disinterest, so that, even as
late as 1990, there was no real consensus or doctrine that supported a major military
investment in hypersonic systems. In fact, significant splits opened between
hypersonic advocates (typically drawn from the engineering and technology
community within Air Force Systems Command), and the operational community
(typified by the Strategic Air Command and Tactical Air Command). Ironically,
operators tended to see hypersonics as too “space” oriented, while many in the pure
space community were equally critical of hypersonics, seeing it as too
“atmospheric” oriented! Indeed, in some quarters, there was a marked suspicion
that money available to spend on hypersonics was, by definition, money that should
be reallocated to other needs.®

This somewhat contradictory attitude of mixed interest and neglect prevailed
throughout the Cold War, and persisted even into the post-Cold War world, at a
time when hypersonics was far more practical and achievable than it had been in an
earlier period. But over time, hypersonics became more attractive, thanks to
achievement of some strong technical capabilities, for example, the development of
maneuvering reentry vehicles for ballistic missiles, and the practical demonstration

of hypersonic atmospheric entry by the Space Shuttle. The improvement over time
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of cross-range due to hypersonic lift-to-drag ratios increasing from those attainable
in the earliest days of the blunt-body-dominated space program (typically L/D < 1)
to those obtainable today with more modern aerodynamically efficient hypersonic
vehicle concepts (L/D = 3), indicated that modern hypersonic vehicle technology
offered significant opportunities for global power projection. (See Figure 4)
Further, both before and after the Gulf War, the growing ability to develop
hypersonic weapons (whether conventional or nuclear-armed) for long-range
standoff missions requiring rapid response over global distances promised to
transform aerospace power projection.

But most of all it was the radical reshaping of the Air Force that accompanied
the issuance of Secretary of the Air Force Donald B. Rice’s landmark Global
Reach—Global Power strategic planning framework in June 1990 acted powerfully
to rejuvenate interest in hypersonics for long-range rapid crisis response. While
this might have been seen as an encouragement for the NASP then undergoing its
own developmental tribulations, in fact it spawned a great deal of interest in
unpiloted hypersonic systems, and a search for piloted systems having a different
focus or emphasis than the planned X-30. In July 1990, Colonel John Warden, the
Deputy Director for Warfighting in the Headquarters U.S. Air Force Directorate of
Plans (as well as a noted air power thinker soon to gain fame as the architect of the
Instant Thunder campaign plan put forth at the onset of the Gulf Crisis), sponsored
a wide-ranging conference to examine the state of hypersonic vehicle design,
technology, and possible utility. Three months later, in October 1991, Dr. John
Anderson, a noted civilian authority in the hypersonics area, organized a joint
conference between the Smithsonian Institution and the University of Maryland (a
noted center of hypersonic research and thinking) to assess one of the most
attractive of hypersonic configurations, the elegant and sinuous waverider. Both
these conferences stimulated a great deal of thought, as did the combat experience
of Operation Desert Storm, which highlighted the value of precision attack together
with indications that various hypersonic capabilities—strike and reconnaissance,

for example—could have proven beneficial to coalition forces.
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In the early-to-mid-1990’s, a series of Air Force planning ventures explored
hypersonic applications for a variety of mission areas and needs, including:
Spacecast (by Air University); the RAND Corporation; New World Vistas (by the
Air Force Scientific Advisory Board); the Center for Strategic and International
Studies; and the Headquarters Air Force long-range planning staff which, under the
direction of Maj. Gen. John Gordon (and later Maj. Gens. Robert Linhard and
David Mcllvoy) was establishing the planning background for the Global
Engagement strategic planning framework that, in 1996, followed Rice’s Global
Reach—Global Power initiative of 1990. From all of these came a realization that
hypersonics was achievable, exploitable, timely, and, above all, militarily desirable.

The most detailed technical analysis of the future potentialities of military
hypersonics, by the Scientific Advisory Board, concluded in December 1995 that:

“Even with the tremendous increase in space operations in
the future there will continue to be a major place for air
breathing platforms/vehicles. Time is now, always has
been, and even more so in the information age future, will
be of the essence in military operations especially those of
the Air Force. All distances on the earth are fixed. If the
Air Force is to execute faster than an enemy in the 21st
century, then to reduce time, the only alternative is to go
faster. Hypersonic air breathing flight is as natural as
supersonic  flight. Advanced cycle, dual mode
ramjet/scramjet engines and high temperature, lighter
weight materials which allow for long range long
endurance, high éltitude supercruise are the enabling
technologies.” [Emphasis added]

The SAB investigation of hypersonics concluded that “Sustained hypersonic
flight offers potential revolutionary improvements in future warfighting and space
launch capabilities.”m A panel under the direction of chairman Dr. Richard

Bradley (Director of Flight Sciences for the Lockheed-Martin Corporation)
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identified four key hypersonic concepts including missiles, maneuvering reentry
vehicles, a rapid response/global reach aircraft system, and a space launch/support
system. The panel concluded that the Air Forée would possess:!!

--within a decade, the capability to develop small

air-launched scramiet or ducted rocket-powered hypersonic

cruise missiles capable of reaching Mach 8, having a range

of several hundred miles against surface (or air) targets, and
then impacting surface targets at up to Mach 5.
--Within a decade, the capability of developing a

Mach 20 boost-glide intercontinental or intermediate range

ballistic _missile-lofted hypersonic maneuvering reentry

vehicle with a large footprint (measuring 3,000 mi.

crossrange by 10,000 mile downrange), having a hypersonic
lift-to-drag ratio (I/D) of 3 at Mach 20, and a Mach 6
impact on deeply buried targets.

--by 2010-2020, the ability to develop a rapid-
response  orbital  scramijet-powered Mach  16-18

transatmospheric vehicle using a skip-glide approach a Ia
Eugen Sanger and Irene Bredt, for force projection,

recce/intel, or space payload insertion or staging; other
smaller families of vehicles could be developed for Mach
6-8 missions over 8,000 miles burning advanced
hydrocarbon fuels, or Mach 8-12 missions over a 10,000
mi. range burning hydrogen.

--by 2005-2020, the ability to design a reusable
space launch vehicle using (in the short term) rocket
propulsion or, by 2020, advanced air-breathing propulsion,
to deliver up to 25,000 1bs. into low earth orbit at short

notice.
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Hypersonic vehicle technology offers high leverage against a variety of
traditional Air Force mission areas, as well as some new and challenging ones,
including countering weapons of mass destruction and mobile surface-to-air
missiles, countering invading armies and suppressing hostile artillery, countering
theater ballistic missiles, and countering cruise missiles. To accomplish this,
however, will require a continued strong technological development effort, as
Figures 5 and 6 clearly imply.

Critical to this will be the enhancement and support of a wide range of ground
and flight test facilities. Here, unfortunately, the story is less encouraging; indeed,
the Scientific Advisory Board New World Vistas study concluded in 1995 that:

“The gaps between facilities needs, facility availability and
facility possibilities are greatest in the hypersonic speed
regime. Existing test facilities are grossly inadequate to
support development of hypersonic vehicles for sustained
flight within the atmosphere. While extreme hypersonic
test environments cannot be duplicated in test facilities,
there are techniques and technologies to permit
development of hypersonic test facilities much better than
those that now exist. When one couples these observations
with the expressed needs for hypersonic military systems,
the urgency of some needed actions is evident. Major test
capability cannot be acquired without lengthy efforts for
facility planning, research, design, and construction. We
know that it is not possible to await the arrival of a flight .
system development program to start the facility
development and acquisition process. The ground test
facilities started today will determine the major
development capability available for the first two decades

of the 21st century. The available test capability will, in
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Figure 5

Table 2.6.2 Hypersonic Vehicle Technologies

Technolo Examples Priority Status
VRS Integration:$§
Design Tools for Affordability Cost Models: Vehicle. Manufacturing Process, A K}
Training, and Logistics Support
Vehicle and Manufacturing Design for Manufacturability; Multidisciplinary A 2
Process Design Methods Design Optimization; Modeling and Simulation
Test and Evaluation Integrated Test, Simulation, and Computational B 23
Analysis
L LA ekad Y namigKs [
Advanced Configurations Waverider/Body. Hypersonic /D B 2
Flow Control Transition Control B l
Design Methods Wind Tunnel Test Techniques; CFD A 2
Facilities Hypersonic Aero Facililies A 2
Airbréathlng Propulsion’s s
Combined Cycle Engines A 2
Dual-Mode Ramjet/ A 2-3
Scramjet
External Burning C 2
Facilities Realistic Test Conditions A 2-3
= s Stedohthedn  PRY
Advanced Airframe Materials Metallics: Advanced Composites; Advanced A 2
) Lightweight Materials
High-Temperature Airframe Hypersonic Airframes; Exhaust Impingement A 2
Materials Structures
Adaptive Structures Smart Materials; Active Load/Thermal Control A 2
Configuration and Concept Tailored Structures; Concurrent Design A 2
Design
Multi-Functional Structures Health Monitoring and Diagnostics: *Smart Skins® B 2
Facilities A 2
. VEBICI&Control i
Integrated Control System Autonomous Active Control of Flight, Avionics, A |
Architecture Engines, Structure, and Subsystems; Flowfield;
FBL/PBW
Human System Interface External Vision; Displays; Integration with Off-Board B 2
Controllers
Multivariable Design Tools and | Multivariable Active Control; Cognitive Engineering- A 2
Criteria Based Criteria; Control Laws for Expanded-Envelope
Flight
Fault Diagnostics and In-Flight ln%light Aircraft Health Monitoring and Diagnostics: A 2
Reconfiguration Automated Reconfigurable Controls
Thermal Encrgy Management Component Life A 2
Endothermic Fuels A 2
Ground Operations Takeoff and Landing Systems A 2
Air Crew Escape Aircrew Safety/Effectiveness A 2

System Priority
A-Must Have
B-Enhances Performance/Cost
C-May be “Traded Out”

STATUS OF TECHNOLOGIES REQUIRED FOR HYPERSONIC VEHICLE DESIGN
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Facility Priority
A-New Are Needed
B-Major Upgrade
C-Existing Are OK

Source:

Technology Status
1-Potential Avaitability Now-5 Yrs
2- Potential Availability 5-15 Yrs
3- Potential Availability 15+ Yrs

SAB, New World Vistas




Figure 6

Source:

New World Vistas (1995)

Table 2.6.1 Technologies and Associated Mach Number Range

Missiles Maneuverin Rapid Response/ | Spacc Launch Support
(Accelerators) Reentry Vehicles lobal Reach (Accelerators)
(Acceleralors) Aircraft Systems
(Cruisers)
Mach Number 1-6 0-20 0-18 0-25
Enabling
Technologies
Aerodynamics -High LiftDrag -High LiftDrag -Low Drag -Low Drag
Ratio -Minimal Aero -Airframe-Prop -Airframe-Prop
-Low Drag Heating Integration ~ Integration
-Airframe- -Flow -High LD -Low Aero
Propulsion Modification -Control Heatin
Integration Effectiveness -Contro
-Controls -Flow Effectiveness
Modification -Flow
Modification
Propulsion -Rocket -Rocket -Rocket -Rocket
-Dual-Mode -Combined Cycle -Combined Cycle
Ramjet/Scramjet -Dual-Mode -Dual-Mode
Ramjet/Scramjet Ramjet/Scramjet
-External Buming | -External Buming
uels -Hydrocarbon -Hydrocarbon -Hydrocarbon
-Endothermic HC -Endothermic HC -Endothermic HC
-Hydrogen -Hydrogen
Structures -Heat Sink -Thermal -Fuel Cooled -Fuel Cooled
-Ablatives Protection -Radiation Cooled -Radiation Cooled
-Radiation -Long Life -Low Structural
Cooled Structure Weight Fraction

TECHNOLOGIES REQUIRED BY VEHICLE TYPE
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turn, determine the opportunities for development of
hypersonic flight systems.”! [Emphasis added]

The early history—into the 1960’s—of facilities development for hypersonics
testing is subsequently discussed in the author’s preface to Volume I of this study.
Ironically, at the time it was written—1986—it appeared that the stimulus of the
NASP program would reinvigorate American hypersonic facilities development.
Such, unfortunately, was not the case, in part because the program moved so rapidly
that it outpaced any reasonable development cycle for comprehensive ground test and
simulation facilities. As a result, the hypersonic facilities situation, in fact, is little
changed in capability from the 1960’s, and, in some cases, worse, for some of the
facilities developed at that time have since been closed or turned to other uses. It is
this facilities challenge, in fact, that is arguably the most serious facing the hypersonic
community today; there is bitter irony in that hypersonic facilities development has
seriously lagged over the last three decades, even as interest in the field has noticeably
accelerated.

For example, in three key areas of research (aerodynamic/aerothermal/aero-
optics; structures; and aeropropulsion), ground test facilities are adequate for the
lowest speed ranges, but very quickly are limited or inadequate for higher speed
ranges. In aeropropulsion, facilities for combustion, engine, and engine-airframe
integration testing are inadequate across virtually the entire range of Mach numbers of
interest to researchers. Figure 7 indicates the kinds of test facilities required for
various forms of hypersonic testing, as well as the challenge of dealing with test times
measured not in the minutes or, at worst, seconds available to traditional wind tunnel
researchers, but in milliseconds. The weaknesses in American hypersonic ground test
facility capabilities have been the subject of continuing concern by a variety of
engineering and scientific organizations, including the multiagency National Facilities
Study, the National Research Council, and, most exhaustively, by the Air Force’s own
Arnold Engineering Development Center, and will undoubtedly be a source of

continuing concern, at least in the short-term. !>
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Table 4.1.1 Facility Capability Required to Adequately Test Emerging Hypersonic Systems

Figure 7
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Critical Test Parameter
Type of Test Phenomena Duplicate Relax Test Time
Aerodynamic/
Acro-Oplics
Perfect Gas Boundary Layer Mach Temperature Milliseconds
Transition Reynolds No. Velocity
Turbulence
Flow Separation
Real Gas Chemically Gas Composition Run Time Milliseconds
Reacting Flows Velocity Density or Scale for
Temperature Binary Reactions
Density
Scale
Aerothermal Heating Ratesand | Total Temperature Mach No. for Seconds-
Aero-Shear Surface Pressure Stagnation Point Minutes
Ablation Size Heating
Aeropropulsion Chemical Reaction, | Gas Composition Milliseconds
Mixing, Boundary Pressure
Layers & Shocks Temperature
Full-size Hardware Velocity
Size
Structure & Combined Loads Gas Composition Milliseconds
Materials (Mechanical, Pressure
Thermal, Velocity
Acoustics) Geometry
Temperature
Gradients
Source: SAB New World Vistas (1995)




As this enumeration of contemporary work clearly indicates, the
disappointments and frustrations of the past have, if anything, driven and stimulated
hypersonic partisans to greater effort, and out of this has come a better sense and
rationale for why hypersonics is important and what it offers both commercially and
militarily. From this have come greater ievels of agency interest and support within
the civilian and military sectors, reflected in increasingly practical and attainable
projects that now offer new levels of achievement and capability. All of this represents
a surprising and refreshingly optimistic result from a history that has been
characterized both by great innovative success and, at times, profound' frustration.
Clearly, then, despite all its challenges, the field of hypersonics undoubtedly will
remain one of extraordinary fascination to aerospace practitioners, analysts, and
historians alike. In addition to commemorating the work of some remarkable
individuals and documenting some extraordinary research and development efforts,
these three volumes are furnished in the spirit that they will encourage further thought,
reflection, and discussion within the hypersonic community with a view to fulfilling
the vision of a hypersonic revolution that--for so long—has occupied some of the best

minds this century of flight has produced.
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2 Gray Creech, “Hyper-X Takes New Approach,” the X-Press (Feb. 21, 1997), pp- 1, 3.
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adopt a Johnson Space Center suggestion to use the X-24A body shape; the resulting test vehicle received
the X-38 designation. JSC began its studies in 1995, viewing the three-decade-old lifting body shape as a
means of replacing the modified Soyuz spacecraft intended as the initial international space station crew
rescue vehicle with a larger and more suitable design capable of accommodating up to seven passengers. In
1996, NASA contracted with Burt Rutan’s Scaled Composites, Inc. (manufacturers of the Voyager, the
world’s first airplane to circle the globe nonstop, and other almost equally exotic craft) for a full-scale drop
test demonstrator. Rutan delivered the first of three X-38’s to JSC in September 1996. On March 12, 1998,
the X-38 completed its first atmospheric drop test, being air-dropped from a B-52 mothership at 23,000
feet. Within seconds, its parafoil deployed, and the lifting body descended gently to earth, a propitious
beginning. The drop height will increase to 50,000 feet and longer “clean” descent times prior to
deployment of the parafoil, and, in the year 2000, NASA is planning an orbital flight test, deploying an
unpiloted X-38 from a Space Shuttle. If all goes well, the X-38 crew rescue vehicle will be operational with
the International Space Station in 2003. For the HL-20 side of the story, see James R. Asker, “NASA
Design for Manned Spacecraft Draws on Soviet Subscale Spaceplane,” Aviation Week and Space
Technology (24 Sep. 1990), p. 28; and Robert A. Rivers, E. Bruce Jackson, and W. A. Ragsdale, “Piloted
Simulator Studies of the HL-20 Lifting Body,” Society of Experimental Test Pilots, 1991 Report to the
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05-003-MSFC, “X-33 Advanced Technology Demonstrator to Fly in 1999,” May 1997; Lockheed Martin,
“The Aerospike Engine for the Reusable Launch Vehicle,” n.d.; R. A. O’Leary and J. E. Beck, “Nozzle
Design,” Threshold: An Engineering Journal of Power Technology, 8 (Spring 1992), pp. 34-43; and Chris
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NASA Kennedy Space Center news release C97-¢, “NASA Selects Four Companies to Demonstrate Low
Cost Launch System Technologies,” 9 June 1997.

SBMDO, “DC-X Fact Sheet,” n.d., from BMDOLink, as well as the NASA History Office’s DC-X and DC-
XA flight testing archives, which may be accessed at:
hitp://www.hq.nasa.gov/office/pao/History/x-33/dc-xa.htm

The best overall account of the DC-X/DC-XA program is the late G, Harry Stine’s excellent and
provocative memoir/history, Halfway to Anywhere: Achieving America’s Destiny in Space (New York: M.
Evans and Company, Inc., 1996). I am grateful to the late Mr. Stine—a noted authority and pioneer of
rocketry and astronautics, who wrote of DC-X type vehicles as far back as four decades ago—for making
this work available to me. I also wish to acknowledge contributions to my thinking and understanding of
the Delta Clipper program and its potentialities by Lt. Col. William “Burners” Bruner, USAF.

Though not strictly speaking a classic hypersonic program, the recently concluded DC-X/DC-XA
Clipper Graham has played such an integral role in NASA and the Air Force’s future space launch thinking
that it merits some discussion. The DC-X/DC-XA (an abbreviation of Delta Clipper-Experimental, though
also an allusion to the legendary Douglas DC-3 airliner of the 1930’s, the first practicable profit-making
airliner in aviation history), began in 1990 as the SSX (for Spaceship Experimental), a vertical takeoff-and-
landing technology demonstration program of the Department of Defense’s Ballistic Missile Defense
Organization (BMDO). The program subsequently diverged into two complementary efforts, one to
explore a means of orbiting payloads using vertical launch and recovery, and the other to examine the
military potentialities of suborbital reusable launch vehicles. The program emphasized cheap, reliable, and
simplified operations, and blended a conventional metallic structure with advanced graphite epoxy and
silicone-based construction concepts. Designers relied on off-the-shelf electronic flight control technology
from the F-15 and F/A-18 fighter programs, together with Global Positioning System (GPS) satellite
navigation referencing, and highly automated ground checkout and support facilities. The resulting
“spacecraft” was an approximately one-third scale testbed of a proposed full-scale orbital vehicle. As the
concept evolved, the vertical up-and-down approach of the Delfa Clipper was in direct competition for the
X-33 contract with the more traditional winged lifting reentry approach favored by traditionalists.

The DC-X made its first flight on August 18, 1993, at the U.S. Army’s White Sands Missile
Range, completing a further six by mid-summer 1995. In mid-program, after its third flight, BMDO had
decided against proceeding further with the full-scale program; results nevertheless had been so
encouraging that additional Air Force funding enabled follow-on flight tests. On its fifth flight, June 27,
1994, the hardy DC-X survived an inflight hydrogen explosion immediately after takeoff, weathering the
blast and landing automatically; after repairs, it took to the air again on May 16. On its eighth flight, July 7,
1995, it climbed to 8,200 feet, pitched over to a 10 deg. below-the-horizon attitude (simulating a reentering
spacecraft), and then flawlessly executed a 138 deg. pitchup to a tail-first landing attitude, a significant
milestone in the history of spaceflight technology. Though it landed successfully, high impact loads
cracked its external shell, bringing its flight test career to a halt.

But like a phoenix, the DC-X underwent a rebirth. Rebuilt as the DC-XA (for Delta Clipper-
Experimental Advanced), the craft now had a graphite epoxy hydrogen tank—the first composite hydrogen
tank ever flown--that reduced vehicle weight by 1,200 1bs (compared to the original aluminum tank) as well
as a new Russian-built aluminum-lithium liquid oxygen tank), and improvements to its reaction control
system. The DC-XA, (renamed Clipper Graham, in honor of Lt. Gen. Daniel Q. Graham, USA ret., who
had been a tireless champion of the Strategic Defense Initiative up to the time of his death in December
1995) arrived back at White Sands on March 15, 1996, and made its first flight just over two months later,
on May 18. Due to a slow landing approach, the vehicle overheated and experienced a small fire on the
craft’s external skin, damaging a body flap. After repairs it returned to the air on June 7, demonstrating
reliance on GPS-cued positioning; on its third flight, June 8, it soared to over 10,000 feet, remaining aloft
for 2 minutes 22 seconds, the program’s altitude and duration record. Disaster struck on the fourth flight,
when, after a flawless flight, one of its four landing gear struts failed to deploy; not surprisingly, the vehicle
tipped over on landing, caught fire, and experienced severe damage. That was it; NASA could not afford to
repair the little testbed, and, since Lockheed Martin had won the X-33 contract with a more traditional
lifting body approach, there was little support for continuing the program in any case. The DC-X/DC-XA
went into the history beoks, though, irrespective of the outcome of this program and the selection of a
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lifting body planform for the X-33, there is undoubtedly continuing great merit in exploring the DC-XA
kind of technical approach for both future commercial and military purposes.
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FOREWORD

The hypersonic revolution has been a particularly American
one, borne of the national pursuit of transonic and supersonic
flight technology. True, it does have both domestic and
international dimensions, in the prophecy of Robert Goddard,
Hermann Oberth, and Konstantin Tsiolkovskiy at the beginning of
the twentieth century, and in the prescient (if impractical)
studies of Eugen Sdnger and Irene Bredt (later Irene S#nger-Bredt)
near mid-century. But if its inspiration was sometimes
international in flavor, its execution was American--from the
early pre-X-15 studies of the 1950's through the pioneering
missions of Columbia in 1981. Primarily, the hypersonic
revolution grew out of the traditional federal-industrial
partnership that had benefitted American aviation since the First
World War. It germinated and flourished amidst the laboratories
of the Air Force, Navy, the National Advisory Committee for
Aeronautics (NACA), and its successor, the National Aeronautics
and Space Administration (NASA), and the major aerospace
manufacturers. Not merely an aerodynamic revolution, the
hypersonic revolution--like the supersonic breakthrough and the
drive for the "modern" airplane before it--involved the creative
integration and exploitation of diverse technologies, including
structures, propulsion, aercdynamics, and controls. The aerospace
community and the scientific and technological community at large
are only now beginning to realize the significance and potential
impact of this revolution, in the era of the Space Shuttle and the
(hopefully) emerging National Aero-Space Plane (NASP).

These eight case studies--in two volumes--constitute an
attempt to cut through the tangled web of hypersonic history and
offer up some historical perspective and lessons. They have been
chosen because they represent different facets of hypersonic



research and development. Some were modest unmanned vehicles,
others ambitious manned programs. One was an experimental
powerplant of a kind (though not specific type) expected to play a
major role in the upcoming NASP. Some succeeded brilliantly.
Others--fortunately a few--were disappointments. One, the X-20
Dyna-Soar--never had a chance to perform: it died not from
technical insufficiency but from political disfavor. Yet all
expanded the hypersonic data base, and all contributed (to a
greater or lesser degree) to that supreme moment in April 1981
when Columbia thundered aloft from Kennedy Space Center on its
historic first flight.

Students of management, succeeding generations of
‘engineers, and historians often fall victim to the common malady
of interpreting the past and the behavior of organizations and
programs from a framework of post hoc coherence and rationality
that is usually, in fact, absent at the time that actual decisions
are being reached. Hindsight offers a charming and misleading
clarity that too often results in perceptions of causality and
analysis of management actions that are, at best, simplistic, and
at worst, totally misleading. Instead, what needs to be
constantly emphasized is that research and development most
frequently occurs in an experimental, adaptive, and learning

environment that is inherent in dynamic organizations, especially
those that deal with science and technology. The best of such
organizations tend not to be governed by power politics, cold
rationality, or the organizational culture in which they exist,
though these may play occasional roles. The organizaticns that
promulgated the hypersonic revolution successfully brought it to
fruition because their members were able to deal with complex
management in a rapidly transforming environment; they neither
waited for miracles, blindly followed dogmatic and rigid
leadership, or timidly extrapolated from previous experience. At
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the same time, they were organizations confronting many other
challenges aside from those of hypersonic flight, and faced
occasional setbacks (as evidenced in one case by the X-20 story)
triggered by the external environment, as well as others (such as
the NASA Hypersonic Ramjet Experiment) that stemmed from
overoptimistic assumptions within the R and D organization itself.
In reading these studies, the reader is cautioned to keep in mind
two maxims of technological history: trend is not destiny, and
correlation is not causation. Fortunately, the authors of these
studies themselves have tended to present the stories in all their
complexity--a complexity that the modern technological
decision-maker can well appreciate given the difficult conditions
under which research, development, test, evaluation, and
acquisition occur today.

The authors of these studies are a diverse group of
individuals including historians of technology, two military
officers engaged in R and D, and a distinguished physicist. All
have detailed knowledge of the field, and each has written a study
on a particular area of personal expertise and interest, 1 have
been privileged and fortunate to have worked with several of the
authors, and now am honored to have the opportunity to draw
together these works for the benefit of historians,
decision-makers, and, most importantly, for the members of the
hypersonic community. Each case study is identified separately
according to subject and author(s). Previously, some of these
studies appeared as special study monographs or individual
research efforts. Now they have been incorporated together with
new works into a single (and hopefully seminal) source document,
with (as appropriate) revisions, expansions, and clarifications.
There has been no attempt to change the viewpoints and conclusions
of these studies to fit some general "viewpoint" of the hypersonic
revolution. Rather, each author speaks with refreshing candor, in



the spirit of assisting the reader in avoiding the terrible dictum
George Santayana expressed in his The Life of Reason: "Progress,
far from consisting in change, depends on retentiveness. . . Those
who cannot remember the past are condemned to repeat it".

Naturally, a document of this sort requires the advice and
assistance of a wide body of individuals. 1 wish to thank all of
them, and to acknowledge for the reader's benefit that they bear
no responsibility for the conclusions and views presented herein.
Rather, that is the responsibility of the individual authors. As
editor (and occasional author) I assume overall responsibility for
the final product. I do wish to acknowledge the very helpful
assistance of a distinguished group of participants in the
hypersonic story, notably: Dr John Anderson; Johnny Armstrong;
Neil Armstrong; Dr Jerry Arnett; John Becker; Paul Bikle; Frank
Boensch; Dave Brown; the late Dr Irene Sanger-Bredt; Maj Gen
Michael Collins, USAF (retired); Charles Cosenza; A. Scott
Crossfield; Alfred Draper; Col D.A. Dreesbach, USAF; Max Faget; Dr
William Heiser; Robert Hoey; William "Pete" Knight; Jack Kolf;
Ezra Kotcher; William Lamar; John Manke; John McTigue; Bruce
Peterson; Lt Col Vince Rausch, USAF; Robert Salkeld; Col Curtis
Scoville, USAF (retired); Leon Schindel; the late John Stack; Brig
Gen Kenneth Staten, USAF; Frank Stull; Clarence Syvertson; Milton
Thompson; Paul Waltrup; John Wesesky; A. Miles Whitnah; and Lt Col
Ted Wierzbanowski, USAF.

I owe a special debt of gratitude to the following for

their assistance to my research: Jean Anderson; Betty Chadwick;
Ed Collins; Dr David Compton; Frederick C. Durant III; the late Dr
Eugene Emme; Dr Edward Ezell; Dr Sylvia Fries; the late Sally
Gates; Pat Gladson; Debbie Griggs; Jim Grimwood; Ra1ph Jackson; Dr
Dick Kohn; Janet Kovacevich; Barbara Luxenberg; Jay Miller; Maj
Gen Peter “beet" Odgers, USAF (retired); Dr-Ing Walter Rathjen;
Mildred Ruda; Lee Saegesser; Prof Richard Thomas; and Dr-Ing Injas
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Widjaja. I wish to extend a special note of appreciation to Lt
Col William "Flaps" Flanagan, USAF. Finally, I wish to thank my
colleagues in the aerospace history and analysis field who have
been particularly fruitful commentators, notably Dr Roger
Bilstein, Dr Joe Guilmartin, Dr John Logsdon, Dr John Mauer, Dr
Jim Young, Scott Pace, Curtis Peebles, and Robert Perry.

Richard P. Hallion
ASD Special Staff Office
Wright-Patterson AFB

1 June 1987
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PREFACE

IN THE BEGINNING WAS THE DREAM. . .

by

Richard P. Hallion



The hypersonic revolution predates the beginning of the
twentieth century. During the mid-nineteenth century, at a time
when the word "hypersonic"* was still a creation of the future,
space futurists such as Charles Golightly, Werner von Siemens, and
Hermann Ganswindt all prophesized creation of reaction-powered
aircraft. Though these individuals had 1ittle real appreciation
of the requirements of such craft, their doodlings and sketches
may be properly considered as theoretical antecedents of the
hypersonic projects that followed in the twentieth century. 1In
1903, Konstantin Tsiolkovskiy, a Russian school teacher, published
an article forecasting the eventual development of
rocket-propelled space vehicles. Slightly later, the American
Robert H. Goddard, the father of the liquid-fuel rocket,
independently reached similar conclusions, as did the Rumanian
Hermann Oberth, about the time of the First World War. These
three men, generally considered (in the words of rocketry pioneer
and historian G. Edward Pendray) "the three great progenitors of
the modern space age", were followed by a host of individuals who
focused on specific problems and technical questions., One of
these early spaceflight advocates, German rocket enthusiast Max
Valier, believed that the manned spaceship would evolve from the

*"hypersonic" refers to flight at speeds above Mach 5 - five times
the speed of sound. As related to Raymond Seeger of the Naval
Ordnance Laboratory by former Nazi aerodynamicist Hermann Kurzweg,
the term hypersonic is American in origin, being a transilation of
superschall, a term for hypersonic flight as differentiated from
uberschall, the term commonly used in wartime years for supersonic
flight. (Seeger, "Reminiscences of the Beginnings of
Aeroballistic Research at NOL," 4 Sep 1969, p. 2; copy transmitted
to author by Leon H. Schindel). "Mach" number (after Austrian
physicist Ernst Mach) refers to the speed of an object divided by
the local speed of sound (which varies with height). Thus, an
airplane flying at the speed of sound is moving at Mach 1. If it
is moving twice the speed of sound it is flying at Mach 2, etc.
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all-metal airplane. For experience, Valier suggested that, at
first, rockets be added to conventional airplanes such as the
Junkers G-23 transport. Later, designers could add more bockets
and reduce the craft's wingspan. Finally, an entirely new design
would be undertaken, one with six rocket engines (three in each
short-span wing) and a pressurized cabin. Capable of high-speed
flight into the stratosphere, this latter craft, he believed,
could lead to intercontinental rocket-propelled airliners. Beyond
this, Valier rejected winged configurations in favor of the
ballistic rocket. 1In conjunction with Fritz von Opel and
Alexander Lippisch, Valier conducted actual rocket-propelled
glider experiments in 1928-1929, but his research ended with his
death in a laboratory accident in 1930, when an experimental
rocket engine exploded on a test stand, and shrapnel severed his
aorta{

In 1925, two years after Oberth published his classic
treatise Die Rakete zu den Planetenraumen (The Rocket into
Planetary Space), and a year after Valier first gained attention
with his book Der Vorstoss in den Weltenraum (The Advance into
Space), Walter Hohmann, a German civil engineer, published Die
Erreichbarkeit der HimmelskSrper (The Attainability of Celestial
Bodies). Whereas previous writers had considered the problem of

spaceflight in general, Hohmann examined one aspect in particular:
the derivation of optimum transfer trajectories for flights from
the earth to other planets. (The term "Hohmann Transfer" is now
generally accepted worlid-wide). Hohmann also examined the problem
of returning to earth, recognizing the value of using deceleration
devices, and considering the related problem of aerodynamic
heating. He theoretically examined the air drag forces acting on
a reentering spacecraft at altitudes of 75 to 100 km. Though not
per se concerned with the technology of reentry but rather with
its mechanics, Hohmann, nevertheless, thought that returning
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spacecraft shouid use parachute-like brakes or perhaps
variable-incidence wings. His research predated Tater ballistic
and 1ifting reentry studies, but sadly, he himself failed to see
the fruition of his work, for his health deteriorated rapidly from
overwork during the Second World War, and he died in 1945 at the

age of 642.

The work of Oberth, Valier, and Hohmann inspired Eugen
Sanger, a young Viennese engineer, to undertake his own studies of
rocketry and spaceflight, and he became the first major figure to
advocate a Space Shuttle-type vehicle as it is now envisioned.
Sdnger conceived of such a spacecraft while a doctoral candidate
at the Technische Hochschule of Vienna in 1929. He proposed
examining the possibility of developing a winged spacecraft that
would boost into earth orbit and rendezvous with a space station,
followed by reentry and a glider-like descent to landing. His
instructors suggested a more traditional doctoral thesis instead,
and Sanger received his doctorate for studying the structure of
multi-spar wings. He did not forget his conception, however, and
pursued it vigorously; indeed, it became an obsession with him,
and he lyrically dubbed the concept the "Silbervogel” (Silver
Bird). He unveiled his concept in 1933, advocating the design of

a winged aircraft propelled by a liquid-fuel rocket engine burning
a mixture of petroleum and 1iquid oxygen, and capable of reaching
Mach 10 flight speeds at altitudes in excess of 100 miles. Sanger
elaborated upon this concept in his book Raketenflugtechnik, one

of the major early texts of astronautical engineering, which he
published privately that same year at great personal expense.
Though he was deliberately vague about the geometric configuration
of the vehicle, beiieving that configuration conceptua]izations‘
were beyond the scope of the book, he did select a general shape
having (in his own words) a “"spindie-shaped" fuselage, straight
wings of low aspect ratio having sharp leading edges, a wedge
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airfoil section, and moderate leading edge sweepback, with a
rocket engine buried in the tail section of the vehicle. He
considered this design quite conventional, but by the standards of
the early 1930's, it was, in fact, a radical shape more typical of
the configurations that marched across drafting tables in the late
1940'c and 1950's. The next year, 1934, he again elaborated upon
the design of such an aerospace aircraft. Assuming a 1ift-to-drag
ratio of 5, Sdnger predicted that the craft could attain a flight
speed of approximately Mach 13 at the moment of fuel exhaustion,
followed by a deceleration to steady supersonic cruise conditions
of approximately Mach 3.3 at an altitude of around thirty miles,
giving a total flight length of over 3,100 miles. Singer next
discussed less ambitious, but no less radical, concepts for
single-seat rocket-propelled interceptors, and bombers3 .

Sdnger devoted the next decade to working on rocket
propulsion, developing regeneratively cooled rocket engines. His
major goal remained hypersonic boost-glide aircraft. In 1937, he
began a collaborative research effort with his future wife,
mathematician Irene Bredt., By late 1938, Sdnger-Bredt had
conceptualized an aircraft having a half-ogive fuselage shape,
giving the vehicle the appearance of a laundry iron--which is what
his research assistants nicknamed it. It retained the
wedge-profile thin wings, but with a greatly reduced aspect ratio;
it had endplate vertical fins on its horizontal stabilizer instead
of the large single vertical fin of earlier studies. Sanger-Bredt
estimated that this craft would have a supersonic L/D of 6.4, and
subsonic testing revealed a L/D of 7.75. They proposed launching
this craft from a Mach 1.5 rocket sled. The "Silver Bird" would
have had a 100 ton thrust rocket engine for its main propulsion,
operating at a chamber pressure of 100 atmospheres (exceeded in
actual subsequent development only by the present-day Shuttle's
own engines). Sdnger-Bredt dubbed this craft the "Rocket
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Spaceplane"”, and foresaw it performing orbital missions with a
one-ton payload (based on 2 1/2 orbits) or a four-ton payload
(based on a single orbit), or delivery of up to an eight-ton
payload at an antipodal point halfway around the worlid from its
launch site.

After the craft was boosted to 1ift-off velocity from the
rocket-propelled sled, it would coast upwards and the pilot would
then ignite its large rocket engine, boosting into space and
attaining a peak velocity of approximately Mach 24. The vehicle
would then reenter in a semiballistic manner, "skipping" off the
denser atmosphere like a stone skipping off water, in a series of
shallower and smaller skips, until, finally, it would enter a
terminal supersonic glide. (Subsequent analysis has indicated
that this planned flight path is undesirable from an
aerothermodynamic loads standpoint, as each skip induces high
thermal loads and prolongs the heat-soaking of the structure. A
more acceptable approach is a steady decelerating descent followed
by a hypersonic/supersonic glide, the approach currently taken by
the Space Shuttie.)

Obviously, following Nazi Germany's decision to go to war
in September 1939, the Rocket Spaceplane could not be pursued as
extensively as in the pre-war years, for Nazi Germany now required
immediate technical developments of benefit to its war machine.
Sanger and Bredt shifted the project's emphasis from space
transportation to a global rocket bomber (Rabo, for Raketenbomber)
in a bid to receive continued official support. In December 1941,
Singer-Bredt submitted a draft report on the Rabo for approval by
the Reichsluftministerium (RLM: the German Air Ministry); the
report included a map of New York City labeled Zeil Eins: Target

One. RLM officials were understandably cool--and possibly
annoyed--to such a distant scheme at a time when Nazi Germany was
fighting for its existence in a war of its own making. A few



months later, the Luftfahrtforschungsanstalt Hermann GGring (LFA:
Hermann Goring Aviation Research Institute) rejected the report
for publication, and Sianger, embittered and angry, joined the
staff of the Deutsche Forschungsanstait fir Segelflug (the German
Institute for Soaring Flight: DFS}, at Ainring, in Bavaria, where
he worked on ramjet propulsion schemes for high-speed airplanes.
The DFS did publish an abbreviated and classified report on the
Rabo project in 1944, and, after the war, copies of this report
reached the highest councils of Allied technical intelligence

teams, as wiil be seen4 .

The Rabo (Figure 1) thus remained an intriguing paper
study, but another Nazi boost-glide effort actually reached the
hardware stage. At about the time that Sanger-Bredt were vainly
trying to win official approval for the Rabo, members of Wernher
von Braun's Peenemiinde rocket development team were busily
studying methods of increasing the range of ballistic missiles by
adding sweptwings enabling them to glide to their targets. Under
the direction of Ludwig Roth, team members developed a winged
derivative of the V-2 (A-4) ballistic missile terror weapon. At
an early stage in the development of the A-4, the Peenemiinde team
had embarked on a more ambitious venture, design of a long-range
missile system capable of hurling a one-ton high-explosive warhead
nearly 3,500 miles. Using a large booster designated the A-10 as
the first-stage booster, planners envisioned a winged second
stage, designated the A-9, that would fire into a ballistic
trajectory and then transition to a terminal glide before
impacting in the target area at about Mach 3.5 to 4,0. Because
the Peenemiinde facility could not support both the A-4 (V 2)
effort and the ambitious A-9/A-10, work on the latter project
continued at a slow pace, though small-scale powerless models of
the A-9, designated A-7's, were dropped from a Heinkel He 111
bomber for stability and control studies. Eventually, even study
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efforts were terminated in 1943, In 1944, however, in the face of
intensive Allied air attacks on proposed and actual V-2 launch
sites, work resumed on a winged A-4 derivative, for a winged A-4,
having increased range, would obviate the necessity of locating
V-2 firing batteries within easy strike range of Allied aircraft.
Batteries instead could be located closer to the Nazi heartland.
The winged A-4, designated the A-4b (for “bankert" - "bastard"),
had a range of 465 miles compared to 150 miles for the purely
ballistic V-2 then just entering service. (See Figure 2) Roth's
team built two A-4b test articles and launched the first of these
on January 8, 1945, but its control system failed just after
launch. A second, launched on January 24, was more successful,
transitioning to a Mach 4 supersonic glide from a ballistic
reentry. During the glide, one wing failed due to excessive air
loads, and the A-4b broke up. This was, incidentally, the first
time that a winged vehicle had exceeded the speed of sound; the
A-4b remained the fastest winged vehicle flown until the
introduction of the X-15 research airplane. The rapid
disintegration of the Eastgrn Front brought any further plans to
test A-4b missiles to a ha]tb .

There was always a small cotérie of space enthusiasts at
Peenemiinde who had to keep their more visionary projects out of
sight of the more pragmatic ordrance experts of the HWehrmacht.
One of these schemes envisioned a piloted version of the A-9 with
a pressurized cockpit and a retractable tricycle landing gear, to
be launched vertically and then landed powerless on a conventional
runway, much as the present-day Shuttle. It could fly 408 miles
at an average speed of Mach 2+, Beyond the A-9/A-10, the von
Braun team had even conceptuailized an advanced A-11, a three-stage
vehicle whose final stage--a development of the A-9
boost-glider--would enter earth orbit. An "A-12";'consisting of a
large first-stage booster, an A-11 second stage, and a winged
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A-10, was forecast for delivering up to 30 tons into earth orbit,
permitting the construction of a space station. Nazi scientists
and technologists would have done well to remember “Those who live
by projection die by reality"; these futuristic schemes collapsed
amid the rubble of the Third Reich, before rising, Phoenix-1ike,
in the postwar world.

The immediate postwar challenge facing aeronautics was
that of manned supersonic flight. Despite ballistic and shell
data, real doubts existed whether a manned aircraft could
successfully traverse the transonic tangles and traps and attain
sustained supersonic flight. Could, for example, the problems of
high-drag rise, trim changes, and changes in control effectiveness
be overcome? These critical questions remained unanswered at
war's end. Indeed, a considerable body of evidence, accumulated
from the wreckage of conventional aircraft lost in high-speed
flight from "compressibility" effects, seemed to indicate that
such problems could not be overcome, at least in the foreseeable
future. The lack of reliable ground research methods (the slotted
throat wind tunnel being a thing of the future), and the
inadequacy of existing free-flight techniques using falling
bodies, rocket-propelled test models, and wing-flow research
methods, caused the United States to embark on an ambitious
program of manned transonic and supersonic flight research using
specially designed and instrumented research airplanes. This
marked the birth of the so-called "X-series" of postwar research
aircraft. As seen from a late 1950's perspective, there were
three discernable phases to the X-series program. The first,
dubbed "Round One" by engineers of the National Advisory Committee
for Aeronautics (NACA--the predecessor to NASA), consisted of the
Bell XS-1 (later X-1) series, the Bell X-2, the Douglas X-3, the
Northrop X-4, the Bell X-5, the Douglas D-558-1 Skystreak and
D-558-2 Skyrocket, and the Convair XF-92A. Three of these, the
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Bell X-1 series, the Bell X-2, and the Douglas D-558-2 Skyrocket,
were supersonic rocket-propelled aerodynamic research aircraft
air-launched for maximum performance from modified B-29 and B-50
carrier aircraft. The rest served to evaluate specific
aerodynamic configurations, such as swept, tailless, and delta
wing planforms. The second X-series phase was "Round Two", the
North American X-15 project, inspired in part by the studies of
Sanger and Bredt. The third phase, sequentially known as "Round
Three", was the ambitious Boeing X-20A Dyna-Soar project, inspired
jointly by the early work of Sénger and Bredt, as well as later
indigenous American studies, and unfortunately aborted by
Secretary of Defense Robert S. McNamara in December 19636.

The "Round One" research aircraft accomplished the world's
first manned Mach 1, 2, and 3 flights., The age of supersonic
flight became a reality on October 14, 1947, when the first Bell
XS-I; piloted by Capt Charles E. Yeager, USAF, exceeded Mach 1,
attaining Mach 1.06 (700 mph) at approximately 43,000 feet. On
November 20, 1953, NACA pilot A. Scott Crossfield made the first
manned flight at Mach 2, twice the speed of sound, while flying
the second D-558-2 Skyrocket. Nearly three years Tater, on
September 27, 1956, Capt Milburn G. Apt reached Mach 3 while
flying the first Bell X-2, unfortunately losing his 1ife when the
aircraft went out of control. Though these early X-series
aircraft were, per se, benefitting the design of conventional
aircraft that followed, they nevertheless contributed to a general
base of knowledge that supported studies of more exotic hypersonic
boost-glide vehicles. The X-2, for example, was the first
aircraft that required a structure designed to withstand the
problems of aerodynamic heating. During flight testing, it
pointed to the need for reaction controls in order to maintain a
desired attitude at high altitudes and low dynamic pressures, and
reaction controls subsequently underwent evaluation on an advanced
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X-1, the X-1B. These early X-series aircraft generally derived
data that led to greater understanding of how wind tunnel
information should be interpreted, aerodynamic heating at
supersonic speeds, transonic¢ and supersonic 1ift and drag,
transonic and supersonic flight loads, transonic and supersonic
stability and control (including understanding of such phenomena
as exhaust jet impingement effects on stability, inertial
coupling, directional instability), reaction controls, and
requirements for flight crew physiological protection at high
altitudes. Engineers also gained confidence operating with
complex reusable man-rated rocket propulsion systems 7.

The Sanger-Bredt report fell into Allied hands with the
collapse of Germany in May 1945. It immediately excited great
interest, and was soon translated in French, Russian, and English,
It so impressed Josef Stalin that he sent a team to Western Europe
to Tocate the S3&ngers (who had gone to France) and persuade them
(by any means including kidnapping) to work in Russia (the plan
failed). Walter Dornberger, who was aware of Sanger's work,
subsequently joined the staff of the Bell Aircraft Corporation,
where he championed development of a series of Rabo-1ike
proposals, one of which (like its German counterpart) was known as
Robo--for Rocket bomber*, The most important contribution of
Sdnger's work was its impact upon the high-speed research
community. It focused attention on the potential of winged
hypersonic cruise aircraft, psychologically paving the way for the
X-15, and inspired a number of studies of Sdnger-Bredt type

*Sdnger-Bredt later undertook further Tifting reentry studies,
culminating in S¥nger's work on the German Ju RT-8-01
two-stage-to-orbit shuttle proposal of the early 1960's. He died
in 1964,
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hypersonic aircraft. In 1949, Hsue-shen Tsien, Theodore von
K&rmén's protege at the California Institute of Technology,
conceptualized a hypersonic research aircraft that could point the
way towards a Mach 12 ‘"transcontinental rocket liner"*, As a
technology demonstrator, Tsien proposed developing a smaller
hypersonic research testbed based. closely on the shape of the Nazi
Wasserfall (Waterfall) surface-to-air missile (Figure 3). This
craft would have used liquid hydrogen fuel with liquid oxygen, or
liquid hydrogen with 1iquid fluorine as the oxydizing agent. It
would have a range of 3,000 miles, of which 1,800 would consist of
a gliding descent from an altitude of 27 miles following
transition to the glide phase from the elliptical boost
trajectory. It would have a maximum speed of 9,140 mph, a landing
speed of 150 mph, and a 1ift-to-drag (L/D) ratio of 4. Not
surprisingly, the landing angle of attack would be 20 deg. Having
drawn up this proposal, Tsien rather over-optimistically concluded
that "the requirements of a transcontinental rocket liner are not
at all beyond the grasp of present-day technology"s.

In October 1954, at the request of the Chief of Staff of
the Air Force, the members of the prestigious Aircraft Panel of
the Air Force Scientific Advisory Board submitted their thoughts
concerning technology developments in aviation that could be
expected to be of significance over the next ten years. Their
report took the form of remarks directed on the status of research
within particular technology fields, and, while they addressed a
number of issues covering a broad spectrum of interests, they

*In the mid-1950's, Tsien had his security clearance revoked; 